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Abstract

Cytomegalovirus (CMV) infection can generate debilitating disease in immunocompromised
individuals and neonates. It is also the most common infectious cause of congenital birth defects in
infected fetuses. Available anti-CMV drugs are partially effective but are limited by some toxicity,
potential viral resistance, and are not recommended for fetal exposure. Valproate, valpromide, and
valnoctamide have been used for many years to treat epilepsy and mood disorders. We report for
the first time that, in contrast to the virus-enhancing actions of valproate, valpromide and
valnoctamide evoke a substantial and specific inhibition of mouse and human CMV in vitro. In
vivo, both drugs safely attenuate mouse CMV, improving survival, body weight, and
developmental maturation of infected newborns. The compounds act by a novel mechanism that
interferes with CMV attachment to the cell. Our work provides a novel potential direction for
CMV therapeutics through repositioning of agents already approved for use in psychiatric
disorders.
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Introduction

Human cytomegalovirus (hCMV) is a common and potentially life-threatening infectious
complication in susceptible individuals with immature or compromised immune systems,
including neonates, AIDS patients, and transplant recipients. CMV is also the leading viral
cause of congenital brain defects, including microcephaly [1-4]. No vaccine is available to
prevent CMV infection. Acute and long-term toxicity, carcinogenicity, poor oral
bioavailability, and drug resistance significantly limit the use of the current antivirals
ganciclovir (GCV), valganciclovir, foscarnet, cidofovir, and fomivirsen [5]; there are no
recommended treatments for pregnant mothers and infected fetuses due to the potential
teratogenic actions of these compounds [2]. Thus, development of less toxic agents with
activity against resistant CMV isolates is needed.

Valproate (VPA) is a widely prescribed anti-epileptic drug employed for the treatment of
multiple psychiatric and neurological diseases including bipolar disorder, epilepsy,
neuropathic pain, and migraine [6]. VPA is the first-line therapy for pediatric epilepsy [7].
Significant side effects of VPA administration include liver toxicity and teratogenesis [7, 8].
A free carboxylic group in the chemical structure and an inhibitory action on histone
deacetylase (HDAC) underlie the detrimental effects exerted by VVPA on fetal development
and can lead to neural tube defects, skeletal abnormalities, and autism [9-15].

Valpromide (VPD), a more effective and less toxic anti-epileptic homologue of VPA, has
been used as a mood stabilizer in bipolar disorder for over 25 years [16]. In contrast to VPA,
VPD lacks the free carboxylic group and the HDAC inhibitory activity and therefore the
related teratogenic risk, as demonstrated in a number of animal models [10, 11, 17].

Although both VPA and VPD attenuate reactivation from latency of Epstein Barr virus [18],
VPA enhances the infectivity and replication of a large variety of other viruses including
HIV [19], vesicular stomatitis virus (VSV) [20], Kaposi’s sarcoma-associated herpes virus
[21], herpes simplex viruses [22, 23], human herpes virus 6 [24], and hCMV [25-27]
through a mechanism involving HDAC inhibition. These virus-enhancing effects are exerted
at doses therapeutic for anti-epileptic and mood stabilizing purposes [28-30], thus raising
concerns over the use of VPA in congenitally CMV-infected neonates experiencing seizures
and in AIDS patients with CMV- and HIV-mediated neurological disorders [31]. Given the
absence of HDAC inhibition, we hypothesized that VPD might show a reduced enhancement
of CMV infection compared with VPA.

Materials and Methods

Cells

NIH/3T3 (CRL-1658) and Vero (CCL-81) cells were purchased from the American Type
Culture Collection (ATCC) (Manassas, VA), normal human dermal fibroblasts (HDF) were
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obtained from Cambrex (Walkersville, MD), Neuro-2a (CCL-131) were kindly provided by
A. Bordey (Yale University, New Haven, CT), and U-373 MG cells were a gift from R.
Matthews (Syracuse, NY). Vero cells were grown and maintained in Eagle's Minimum
Essential Medium (MEM) supplemented with 10% fetal bovine serum (FBS) and 1% pen/
strep (Invitrogen, Carlsbad, CA). All the other cell lines were maintained in Dulbecco’s
modified Eagle’s essential medium (DMEM) supplemented with 10% FBS and 1% pen/
strep. Primary cultures of mouse glia were established using whole brain tissue harvested
from P5 mice and maintained in DMEM [32]. All cultures were kept in a humified
atmosphere containing 5% CO, at 37°C.

A brief description of each virus used is given below.

Recombinant murine CMV (mCMV, MC.55) expressing enhanced green fluorescent protein
(EGFP) was derived from the K181 strain. The expression cassette containing the EGFP
gene controlled by the human elongation factor 1 alpha (EF1-alpha) promoter was inserted
into the immediate early gene (IE-2) site. NIH/3T3 cells were used for viral propagation and
titering by plaque assay [32].

Recombinant hCMV expressing EGFP under the control of the EF1-alpha promoter was
derived from the Toledo strain. The gene coding for EGFP was inserted between US9 and
US10 of the human CMV genome, a site that appears to tolerate alterations without affecting
viral replication. EGFP expression and replication capability were tested on normal human
fibroblasts and U-373 human glioblastoma cells [33, 34]. Human dermal fibroblasts were
used for viral propagation and titering by plaque assay.

Recombinant CMVs were generously provided by E. Mocarski (Emory University, Atlanta)
and J. Vieira (University of Washington, Seattle).

A recombinant variant of the Indiana serotype of VSV expressing a GFP reporter gene from
the first genomic position (VSV-1'GFP) [35] was kindly provided by J. K. Rose (Yale
University, New Haven, CT). Vero cells were used for viral propagation and titering by
plaque assay [36].

All the viruses used in the present study express EGFP as a reporter and green fluorescence
was employed to visualize infected cells and viral plaques. Viral titers were determined by
standard plaque assay using 25% carboxy-methyl-cellulose (CMC) overlay for mCMV-GFP
and hCMV-GFP [37] or 0.5% agar overlay for VSV-GFP. Viral stocks were stored in
aliquots at —80°C. For each experiment, a new aliquot of virus was thawed and used.
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Valpromide (catalog no. V3640), valnoctamide (catalog no. V4765), valproate (catalog no.
S0930000), ivermectin (catalog no. 188998), ganciclovir (catalog no. G2536), and heparan
sulfate sodium salt (catalog no. H7640) were purchased from Sigma-Aldrich (St. Louis,
MO). Valproate and heparan sulfate were dissolved in water to give a stock solution of 1 M
and 1 mg/mL, respectively. Valpromide, valnoctamide, ivermectin, and ganciclovir were
dissolved in dimethylsulfoxide (DMSO) to yield a stock solution of 1 M (valpromide,
valnoctamide) and 100 mM (ivermectin, ganciclovir). Ivermectin was used at 1 UM, a
concentration recently shown effective against Chikungunya and other alphaviruses [38].

Quantification of infection

Effects of the tested compounds on CMV infection were assessed by counting the number of
infected GFP-positive cells and viral plaques, and measuring plaque size.

Cells (NIH/3T3, Neuro-2a, mouse glia, Vero, normal human dermal fibroblasts, and U-373)
were seeded at a density of 40,000 cells per well in 48-well plates and incubated overnight
before medium (0.2 mL per well) was replaced for pre-treatment with VPA, VPD, VCD,
ivermectin, or vehicle at the specified concentrations. After 24 hours of drug exposure, cells
were inoculated with virus and incubated at 37°C for 2 hours. Following incubation, cultures
were washed twice with PBS and replenished with fresh media containing the test
compounds. GFP-positive cells were counted at 48 (mCMV) and 72 (hCMV) hours post-
infection (hpi). In addition, media was collected at 72 (MCMV) or 96 (hCMV) hpi and
titered by plaque assay using NIH/3T3 (mMCMV) and HDF (hCMV) monolayers to assess the
drug-mediated inhibition of virus replication (virus yield reduction assay).

For the plaque reduction assay, cells pre-treated with drugs or vehicle for 24 hours were
infected with mCMV-GFP or hCMV-GFP, incubated for 2 hours at 37°C to allow viral
adsorption, rinsed twice with PBS, and overlaid with a viscous solution containing the tested
agents at the specified concentrations in DMEM (75%) and CMC (25%) for 50% effective
concentrations (ECsg) calculation [37]. Plates were then incubated at 37°C in 5% CO», for 4
days (mMCMV) and 7 days (hCMV), to allow time for fluorescent plaques development. The
mean plagque counts for each drug concentration were expressed as a percentage of the mean
plaque count of the control (vehicle). The ECsg were then calculated by nonlinear regression
from the plots of log drug concentrations against percentage of reduction in plague number
at each antiviral compound concentration.

To assess which step of the viral replicative cycle was affected by VPD and VCD, ‘time-of-
drug addition’ experiments were performed, in which cultures were inoculated with virus
(t=0) and exposed to the drugs simultaneously, or 2 hours or 12 hours after viral challenge.
The effects of the tested agents on CMV infection were then assessed by a viral yield
reduction assay. Briefly, HDF cells were infected with hCMV-GFP (multiplicity of infection,
MOI 0.01) (t=0), exposed to the compounds (100 uM) as indicated above, and incubated
until the media was collected at 96 hpi. The extent of virus replication was subsequently
assessed through titering the media by plaque assay using HDF monolayers. In all
conditions, 2 hpi cultures were rinsed twice with PBS to synchronize infection.
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Infected cells were identified as GFP-positive cells using an Olympus 1X71 fluorescence
microscope (Olympus Optical, Tokyo, Japan) connected to a SPOT RT digital camera
(Diagnostic Instruments, Sterling Heights, MI) interfaced with an Apple Macintosh
computer. The total number of fluorescent cells per well in each condition was counted by
two observers independently.

Each condition was tested at least in triplicate, and the whole experiment repeated twice.
Camera settings (exposure time and gain) were kept consistent between images. The contrast
and color of collected images were optimized using Adobe Photoshop.

To investigate the effects on the immediate early phase of viral replication, NIH/3T3 cells
exposed to VPD (1 mM) for 24 hours, were transfected with a CMV promoter (IE1/IE2)-
driven reporter plasmid (pCMV-tdTomato) expressing the red fluorescent protein tdTomato.

Virucidal activity assay

To assess the potential virucidal effect of the compounds, VPD, VCD, or vehicle (100 pm)
were added to undiluted aliquots of hCMV-GFP and these virus/compound mixtures were
incubated at either 4°C or 37°C for 2 hours. After incubation, the samples were diluted with
culture medium to reduce the drug concentration to an ineffective dose (10 nM in the
antiviral assay), and hCMV-GFP infectivity was determined by plaque assay on HDF cells.
Alternatively, virus and drug mixtures were run through a 0.1 pm filter (Life Sciences) to
remove the compounds but not the hCMV (size ~180 nm). Filter membranes were
subsequently thoroughly rinsed in culture medium for 2 hours at room temperature with
periodic shaking to harvest drug-free hCMV before assessing infectivity by plaque assay on
HDF monolayers.

Viral entry analysis

To evaluate the effects of the drugs on viral entry into the cell, i.e. reversible attachment of
hCMV to the cell membrane and subsequent irreversible binding with fusion and adsorption,
inoculated cultures were first incubated at 4°C (which allows only virus attachment) and
then shifted to 37°C (which allows fusion and subsequent steps of the viral replication cycle)
[3, 39]. Precisely, for assessing the ‘attachment’ step, pre-chilled HDF cells at 90%
confluency in a 6-well plate were treated with VPD, VCD, vehicle (100 uM), VPA (1 mM,
negative control), or heparan sulfate (0.1 mg/mL, positive control) for 30 minutes at 4°C and
inoculated with pre-cooled hCMV-GFP (MOI 0.1) in the presence of compounds or vehicle
for 2 hours at 4°C. Fibroblasts were then rinsed three times with cold PBS to remove
unattached virions and compounds, and harvested by trypsinization for DNA extraction in
the quantitative PCR (qPCR) assay [39] or overlaid with CMC and incubated for 3 days at
37°C for infectivity assessment by GFP-positive cell counting. To evaluate the “fusion’ step
of the hCMV entry, cultures plated in plain media were inoculated with hCMV-GFP (MOI
0.1) and incubated at 4°C for 2 hours. Cells were then washed three times, exposed to
compounds or vehicle at the same concentrations described above, and incubated at 37°C for
2 hours before being overlaid with CMC for infectivity evaluation at 72 hpi.
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Quantitative real-time PCR assay

DNA samples were prepared from the hCMV-infected cells in the viral entry experiment
using a commercial kit (QIAamp DNA mini kit; Qiagen). Quantitative real time PCR
(gPCR) assays for h\CMV UL132 (Pa03453400_s1) and human albumin (Hs99999922 s1)
genes were performed using TagMan gene expression assays (Life Technologies) [40, 41].

Ten-fold dilutions of hCMV DNA and cellular DNA from human fibroblasts were used as

quantitative standards. gqPCR was carried out with 20-L reaction mixtures employing the
iTaq Universal SYBR Probes Supermix (BioRad) and 100 ng of DNA. Samples from
uninfected cells and without template served as negative controls. Samples from 2 biological
replicates were run in duplicate using a Bio-Rad iCycler-1Q instrument (Bio-Rad, Hercules,
CA), and results were analyzed with iCycler software. For the relative quantification of
hCMV DNA expression, the comparative threshold cycle (Ct) method was employed and
results presented as mean + SEM of the fold change (2722CT) relative to the control
(vehicle).

Immunocytochemistry

A mouse monoclonal antibody (a gift of Dr. P. Cresswell, Yale University) against hCMV
glycoprotein B (gB), diluted 1:1000 in phosphate-buffered saline with 0.3% Triton X-100,
was used to label cells infected with hCMV, as an alternative method to the GFP reporter
used for quantification of infection. A mouse monoclonal antibody against hCMV
immediate early (IE)1/2 antigen (1:1000, MAB810, EMD Millipore) was employed to
assess drug-mediated effects on IE proteins expression. The secondary antibody was a goat
anti-mouse immunoglobulin conjugated with Alexa Fluor 594 (Thermo Fisher Scientific)
diluted at 1:500. Cell nuclei were counterstained with DAPI (4’-6’-diamidino-2-
phenylindole). Controls included the omission of the primary antibody and the use of non-
inoculated cultures where no immunostaining was expected or found.

Cytotoxicity assay

An ethidium homodimer assay (EthD-1, Molecular Probes, Eugene, OR) was used to label
dead cells. Briefly, NIH/3T3 cells (9 x 10% per well) were seeded in a 48-well plate and
treated with VPD, VCD, or vehicle for 24 hours before mMCMV-GFP inoculation (MOI
0.03). 72 hours after viral challenge, cells were washed twice and EthD-1 was added at a
final concentration of 4 UM in DMEM. After 20 minutes of incubation at 37°C, the total
number of dead cells per well was counted based on red fluorescence of nuclei. Each
condition was tested in quadruplicate, and each experiment was repeated twice. Similarly,
the rate of cell death was assessed in uninfected NIH/3T3 and HDF cells exposed to VPD,
VCD, vehicle (10 and 1 mM) or plain media for 24 and 72 hours before EthD-1 addition.

Plaque size assay

Plaque size was used to assess the effect of the drugs on viral propagation. Briefly,
semiconfluent NIH/3T3 and HDF cells in 12-well plates were inoculated using mCMV-GFP
and hCMV-GFP (MOI 1), respectively. After 2 h-incubation at 37°C to allow viral
adsorption, inoculum was removed and cultures were washed three times with PBS before
the addition of CMC overlay containing VPD, VCD, or vehicle at the specified
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concentrations. Five (MCMV) and 10 (hCMV) days later, the relative size of viral plaques
was measured (n=60 plaques/condition), as previously described [42]. Each condition was
tested at least in triplicate, and the experiment repeated twice. All measurements were
performed at the same time using similar camera settings (exposure time and gain).

Animal procedures

Male and female Balb/c strain mice (6-8 weeks of age) from Taconic Biosciences Inc
(Hudson, NY) were maintained on a 12:12-h light cycle under constant temperature (22

+ 2 °C) and humidity (55 £ 5 %), with access to food and water ad /ibitum. One to two
females were cohabited with a male of the same strain for at least 1 week to ensure
fertilization. When advanced pregnancy was seen, each pregnant female was caged
singularly and checked for delivery twice daily, at 8:30 AM and 6:30 PM. Newborns were
inoculated intraperitoneally (i.p.) with 750 plaque-forming unit (PFU) of mMCMV-GFP in 50
pL of media on the day of birth (DOB), within 14 hours of delivery. The DOB was
considered postnatal day (PND) 0. Control animals received 50 pL of media i.p.. Infected
pups were randomly assigned to receive VPD, VCD, or vehicle (DMSO), via subcutaneous
(s.c.) injections, once a day, at a dose of 1.4 mg/mL in 20 pL of saline (~30 pg), starting
after virus inoculation from PND 1 to PND 21. Control pups received a similar amount of
drug-free saline. Mice were monitored daily for survival until PND 49. Additionally, on each
day from PND 0 to 22, without knowledge of the treatment group, pups were weighed to the
nearest 0.01 g and their body and tail lengths were measured. Hair growth, status of eyelid
and pinnae detachment, and incisor eruption, as compared to adult mice, were also recorded,
as previously described [43]. Briefly, these somatic variables were rated semi-quantitatively
in the following way: 0 = no occurrence of the condition, 1= slight/uncertain condition, 2 =
incomplete condition, and 3 = a complete adult-like condition. For detection of infectious
viral load in organs, some of the control and experimental mice were sacrificed on PND 12,
after receiving saline/treatment from PND 1 to PND 10. Designated mice were
transcardially perfused with PBS, to wash out free virus, and tissue samples were collected
under sterile conditions from liver and lungs, two organs markedly involved in severe
perinatal infection in humans. Tissues were mechanically homogenized in PBS using a
microcentrifuge tube tissue grinder. Part of the resulting tissue suspension was plated onto
NIH/3T3 monolayers and viral titer was assessed by plaque assay [37, 44]. All animal
breeding and experiments were performed in accordance with the guidelines of the Yale
School of Medicine Institutional Animal Care and Use Committee (IACUC). Research was
approved by the IACUC.

Statistical analysis

Statistical significance in in vitro experiments was determined using one-way Analysis of
Variance (ANOVA), followed by post-hoc analysis (Bonferroni’s test). Data are presented as
percentage of infected or dead cells, and as viral titers, in drug versus vehicle, as mean +
SEM of two independent experiments; each independent experiment consisted of three or
four cultures; p-values refer to a comparison of drug to control (vehicle). Fifty percent
effective concentration (ECsp) values were calculated using nonlinear regression curve fit
with a variable slope (log[inhibitor] vs response). For markers of somatic development, a
mixed-model ANOVA with PND as the Repeated Measures factor was used, followed by
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Newman Keuls test only if a significant F-value was determined. Analysis was performed
with GraphPad Prism 6.0 and SPSS Statistics 21, with significance set at p < 0.05. Survival
studies and assessment of somatic development parameters were performed blindly with
respect to the experimental group.

Valpromide inhibits mouse and human CMV in vitro

We performed experiments with several cell types treated with VPA, VPD, or vehicle for 24
hours before viral challenge. VPA (Fig. 1A) increased infection by and replication of
mCMYV on mouse cells at concentrations of 1 and 10 mM, as previously reported (Fig. 1, B
to D) [25-27]. Remarkably, VPD (Fig. 1E) at the same concentrations showed a robust
inhibitory effect (Fig. 1, F to H), reducing the number of mMCMV-infected cells, as quantified
by counting cells expressing the viral GFP reporter gene. VCD also attenuated mCMV
replication, assessed by a viral yield assay. Significant inhibition was also identified at lower
doses of 100 pM, 1 pM, and 100 nM. Attenuation of mMCMV was confirmed at high virus
titer and in multiple cell types including NIH/3T3, neuro-2a and primary astrocytes from
mouse brain (Fig. 1, | to L). Using an EthD-1 assay to fluorescently label dead cells, VPD at
1 and 10 mM showed no detectable cytotoxicity in uninfected NIH/3T3 cells treated for 24
or 72 hours (Fig. 1M), thus suggesting a lack of toxicity of the target cells even at high drug
concentrations and with prolonged cell exposure. In turn, VPD-related CMV inhibition
increased cell survival by reducing viral-mediated cytotoxicity (Fig. 1, N and O).

To determine if the inhibitory action of VPD would generalize from mCMV to hCMV, we
tested VPD against hCMV on human cells. Similar to mCMV, hCMV infection was
enhanced by VPA and substantially inhibited by VPD at 1 and 10 mM, independent of virus
titer or cell type (Fig. 2, A to D). VPD significantly reduced the number of hCMYV infected
cells and also reduced hCMV replication even at the lower drug concentrations of 100 uM, 1
UM, and 100 nM. We found similar inhibitory actions with both human dermal fibroblasts
and human glioma cells (U-373). To corroborate the view that the drug acted on CMV rather
than by inhibiting expression of the viral GFP reporter, we used immunocytochemistry to
label the hCMV glycoprotein B (gB) (Fig. 2E). VPD decreased the number of cells showing
hCMV gB immunoreactivity compared to infected cultures not treated with VVPD, further
corroborating the antiviral effect of VPD on CMV and excluding a potential VPD-mediated
inhibitory effect on GFP expression.

Fibroblasts treated with VPD displayed a substantial dose-dependent inhibition of mMCMV
and hCMV infectivity in the plaque reduction assay with ECsq concentrations of 6.8 + 2.8
UM and 2.9 + 1.3 uM (Fig. 2F), respectively. The absence of cytotoxic effects at the high
dose of 10 mM gives VPD an excellent selectivity index (SI), i.e. the ratio of cytotoxic
concentration (CC)sq to ECgp, for both viruses. An effective antiviral activity was still
evident in the nanomolar range, i.e. 100 nM (MCMV: 79% =+ 3% infected cells as compared
to vehicle-treated controls, p=0.01; hCMV: 77% + 2%, p=0.004).

The VPD-mediated inhibition of both mouse and human CMV raised the question of
whether the antiviral effect of the drug was universal for different types of virus and might
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act via enhancement of an innate immune block of virus infection in general. To address this
question, we tested VSV, an unrelated single-strand RNA virus sensitive to upregulation of
innate immunity. In contrast to mCMV and hCMV, VPD did not inhibit VSV (Fig. 2G),
suggesting that VPD antiviral actions were not based on a mechanism involving an
enhancement of the innate immune response.

We also tested ivermectin, a compound with anti-epileptic properties and a strong
antiparasitic activity which was recently shown to attenuate alphavirus infection [38].
Ivermectin had no effect on CMV (99% + 9% compared to control), demonstrating that the
anti-CMV effect was specific for VPD.

Together these results demonstrate that VVPD substantially and selectively inhibits mouse and
human CMV infectivity in vitro, and that this antiviral activity is independent of virus titer
and cell type.

Valnoctamide, a safer analog of VPD, blocks mouse and human CMV in cell culture

Although VPD safety has been demonstrated in animal models of teratogenesis [10, 11, 17],
these findings may not translate to humans where VVPD can be quickly metabolized (>80%)
to VPA [16], which is both teratogenic and enhances CMV infection as shown earlier.
Valnoctamide (VCD) is structurally similar to VPD (Fig. 3A), and lacks the free carboxylic
group and HDAC inhibitory activity associated with the embryotoxic and teratogenic effects
of VPA [45-47]. However, unlike VPD, VCD shows negligible conversion to its
corresponding free acid (valnoctic acid) in humans. VCD was originally marketed as an
anxiolytic drug (Nirvanil®) in several European countries in the 1960s and recently
investigated as therapeutic agent for seizure disorders and acute mania in humans [45, 46,
48-53]. In contrast to VPA, a number of animal studies have shown no embryotoxicity or
teratogenic activity of VCD [10, 47, 49, 54]. Further confirmation of VCD’s safety profile is
demonstrated from both pre-clinical and clinical studies examining its anti-convulsant and
mood stabilizing actions [45, 46, 50-53]. Therefore, we tested VCD on mCMV and hCMV
in vitro.

VCD induced a substantial inhibition of mMCMV infection independent of cell type or virus
titer (Fig. 3, B to F), as measured by counting cells expressing the GFP virus reporter or
assessing virus replication. Significant anti-CMV activity was still identified in the
nanomolar range. The plaque reduction assay showed a robust dose-dependent inhibition of
mCMYV infectivity, with an ECsq concentration of 9.3 + 3.5 uM (Fig. 3G). Similar to VPD,
VCD at 1 and 10 mM displayed no cytotoxic effect in uninfected NIH/3T3 cells (Fig. 3H),
thus defining a SI >1,000 for mMCMV.

VCD also blocked infectivity and replication of hCMYV at low and high titer in human
fibroblasts (Fig. 3, I to L), and dose-response analysis revealed an ECsg 0f 3.5+ 1.1 pyM
(Fig. 3M). Again, no cytotoxicity was evident in uninfected human fibroblasts exposed to 1
and 10 mM VCD, thus conferring the drug a SI >2,800 for hCMV.
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Dose-response analysis of known antiviral compounds by plaque reduction assay

The antiviral properties of well-known inhibitors of CMV infection, ganciclovir (GCV) and
heparan sulfate (HS), were assessed for comparative purposes in a dose-escalation analysis
by plaque reduction assay in HDF cells infected with hCMV (MOI 0.01), as performed for
VPD and VCD.

GCV targets viral DNA polymerase and is approved for CMV treatment in humans [5]. HS
acts as a soluble mimic of heparan sulfate proteoglycans (HSPGs), cell surface anionic
polysaccharides used by CMV for attachment to the cell [55]. HS is not an approved anti-
CMV drug due to its strong anticoagulant activity in vivo, an undesired side-effect.

Human CMV infectivity was inhibited by both GCV and HS in a dose-dependent manner
with ECgg of 1.1 + 0.3 uM for GCV (Fig. 3N) and 51.4 + 8.2 ug/mL (~80 uM) for HS (Fig.
30).

Valpromide and valnoctamide substantially attenuate CMV-related disease in vivo

Perinatal hCMV infection can cause serious and potentially fatal disease in neonates [3], in
whom therapeutic options are severely limited by the toxicity and carcinogenicity of
available antiviral drugs [5].

Prior to testing anti-CMV efficacy, we evaluated drug safety with daily administration of
both compounds in control, uninfected developing mice. No adverse effects on survival (data
not shown) or post-natal body growth (Fig. 4A) were detected.

Inasmuch as the drugs appeared safe in developing mice, we next assessed VPD and VCD in
a mouse model of severe perinatal mMCMV infection (Fig. 4B) [56]. VPD and VCD treatment
induced substantial improvement in infected newborns health, with a three-fold decrease in
death rate (Fig. 4C). Survival of mCMV-infected, untreated pups was 23%, compared to
72% for VPD-or VCD-treated mice. Additional benefits of drug treatment were also
identified. VPD and VCD administration ameliorated the mCMV-induced detrimental
effects on body growth as assessed by body weight, body length, and tail length (Fig. 4, D to
G); infected mice weighed nearly 50% less than control mice at postnatal day 20 (p <
0.001), whereas VPD- or VCD-treated infected pups showed a body weight reduction of
only 18% (Fig. 4E). Thus, both VPD and VCD attenuated the deficient body growth induced
by perinatal mMCMV infection. Both drugs markedly improved other parameters of somatic
development, including eyelid opening, pinnae detachment, fur maturation, and incisor
eruption (Fig. 5, A to F). Of note, VPD and VCD generated a significant (p<0.01)
improvement in CMV-infected neonate health as early as 5 days after initiation of treatment.

After intraperitoneal inoculation, CMV infection spreads to several organs, including liver,
spleen, and lungs. To investigate whether the beneficial effects observed in the infected pups
were related to the ability of VPD and VCD to decrease CMV levels, we analyzed these
organs from infected mice at 12 dpi by viral plaque assay (Fig. 6, A to D). CMV titers were
decreased by greater than 2 logs in all tested tissues of drug-treated infected newborns, thus
suggesting that the VPD- and VCD-mediated inhibitory effects on CMV infection observed
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in vitro also occur in vivo and lead to a substantial improvement in CMV-infected animal
outcome.

Valpromide and valnoctamide suppress CMV by inhibiting virus attachment to the cell

Despite being used for decades to treat neurological dysfunctions, the mechanism(s) of
action of VPD and VCD in the brain remain unclear [8, 46, 57]. VPA-mediated inhibition of
HDAC enhances infection by hCMV [25-27]. Both VPD and VCD lack this epigenetic
activity [11, 17].

To gain insight into the underlying mechanisms of VPD and VCD inhibition of CMV, we
tested the drugs by addition at different time-points during the course of hCMYV infection
(Fig. 7A). The drug concentration employed for testing was 100 uM, which is below the
therapeutic range for safely treating mood disorders and epilepsy in humans [28-30, 46, 47,
52, 53, 57-59]. When the compounds were present from the time of viral challenge through
96 hpi, viral yield decreased 60%. A similar inhibition of hCMV replication was also
observed with 2 hr drug exposure at the time of viral challenge, followed by drug wash out
(data not shown). However, no reduction in viral yield was identified when the compounds
were added 2 to 12 hours after virus inoculation (Fig. 7A).

These results indicate that the block of hCMV mediated by VPD and VCD is exerted early
in the infection process, within the first 2 hours of the replication cycle. We therefore tested
the possibility that these agents directly inactivate virions by pre-incubating the compounds
with an undiluted stock of hCMV prior to cell inoculation. When the inhibitors were
subsequently diluted below an effective concentration prior to culture inoculation, no direct
inactivation of free virions was observed, as determined by the absence of a drug-mediated
inhibitory effect (Fig. 7B). Similar results were obtained when the pre-incubation mix was
run through a 100 nm pore size filter to remove the compounds but not the virus, prior to
analysis of virus infectivity at physiological and cold temperatures (percentages show
hCMV viral titers in drug-treated samples as compared to vehicle: 37°C, 98.5 + 8% for
VPD, 99.3% + 5% for VCD; 4°C, 100.6% * 5% for VPD, 98.3% + 8% for VCD).

The IE1/2 CMV promoter is active in the first few hours of CMV infection, inducing IE
protein expression which in turn promotes viral replication [3]; we investigated whether the
drugs interfere with activity of this promoter by testing a plasmid with CMV IE1/2 driving
tdTomato expression. No decrease in the number of red cells was identified in the presence
of VPD compared to control (96% + 4%) after plasmid transfection, suggesting VPD does
not inhibit the activity of the CMV IE1/2 promoter. In addition, we assessed IE1/2 antigen
expression in hCMV infected cells exposed to the compounds either simultaneously or 2
hours after viral challenge (Fig. 7C). Substantial IE1/2 was detected in fibroblasts that
received vehicle or drugs after 2 hpi. In contrast, cells treated with the compounds at the
time of CMV inoculation showed markedly decreased IE1/2 expression, thus suggesting that
CMV inhibition by VPD and VCD occurs prior to the IE stages of the viral replication cycle.

We next examined CMV entry into the cell, which precedes IE protein expression and can be
separated into two phases: (1) attachment of the viral particle to the cell surface and (2)
fusion of the viral envelope with cellular membranes and penetration into the cytoplasmic

Virology. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ornaghi et al.

Page 12

space [3]. Investigation of these phases by a 2 hr incubation at 4°C (a temperature that
allows attachment but not fusion) followed by a temperature shift to 37°C (which allow
fusion) [39] and subsequent infectivity assessment by GFP-positive cells counting, showed
VPD- and VCD-mediated interference with hCMV attachment to the cell (Fig. 7D). These
results were confirmed by qPCR with quantification of the relative amount of hCMV DNA
in infected human fibroblasts exposed to the compounds at 4°C (Fig. 7E). In these assays,
heparan sulfate was employed as positive control given its ability to block CMV attachment
in vitro by mimicking HSPGs [55].

Current approved anti-CMV compounds target viral DNA synthesis (GCV, foscarnet,
cidofovir) or the hCMV major IE gene locus (fomivirsen). Since our data indicate that VPD
and VCD may block a different, earlier step of CMV infection, similar to HS, we postulated
that a combined administration of GCV with VCD or HS might induce a stronger viral
inhibition than single drug therapy or VCD/HS association (Fig. 7F). When cells were
exposed to both GCV + VCD or GCV + HS, the decrease in hCMV plaques nearly doubled
compared to single drug treatment. In contrast, combination of VCD + HS only slightly
increased the viral inhibition obtained with one compound, supporting the hypothesis that
VPD, VCD, and HS may act on the same step of CMV infection.

Finally, prolonged cell exposure to VPD and VCD followed by drug wash out immediately
before CMV inoculation resulted in no attenuation of infection (Fig. 7G), consistent with the
view that the drugs did not exert persistent effects on antiviral cellular targets, such as
enhancement of innate immunity. These data also suggest that the anti-CMV actions of VPD
and VCD are not the result of an irreversible association of the compounds with cell surface
proteins.

Valpromide and valnoctamide decrease spread of CMV infection

Inhibition of CMV attachment to the target cell may play a role not only in the initiation of
infection but also on virus spread. Murine and human fibroblast cells were exposed to the
drugs after CMV inoculation and adsorption, and assessed for viral plaque size at 5
(mCMV) and 10 (hCMV) dpi. Both VPD and VCD effectively decreased spread of the
CMV infection as shown by the reduced plaque size in CMV-infected treated monolayers
compared with the plaque size from vehicle-treated cultures (Fig. 8, A to C).

Discussion

Human CMV is an important pathogen responsible for potentially life-threatening disease
and severe complications, including pneumonitis, retinitis, encephalitis, and myocarditis in
immunocompromised patients and neonatal children. Congenital CMV is the major
infectious cause of birth defects and neuro-developmental disabilities, such as microcephaly,
hearing loss, blindness, and mental retardation [1, 3-5].

Current anti-CMV compounds are partially effective, but are limited by poor oral
bioavailability, short- and long-term toxicity, carcinogenicity, and teratogenicity [5]. The
emergence of CMV strains resistant to the available drugs also poses significant challenges.
Thus, there is a need for novel anti-CMV molecules with a safe in vivo profile utilizing

Virology. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ornaghi et al.

Page 13

alternative mechanisms of action. This is particularly relevant to CMV infections during
early development.

Our work shows that VPD and VVCD, two orally available drugs used for many years to treat
neurological disorders, evoke an unexpected, substantial, and specific inhibition of both
mouse and human CMV in vitro and in a mouse model of perinatal infection. The anti-CMV
activity of these compounds has never been described.

The VPD- and VCD-mediated antiviral effect is substantiated by multiple converging lines
of evidence including reduction in infected cell number, as determined with GFP reporter
expression, immunocytochemistry against h\CMV gB, and qPCR, reduction in cell death
quantified with ethidium homodimer, reduction in virus plague number and size, and
reduction in viral replication and virion release. Importantly, both compounds showed
efficacy in blocking CMV infection in vivo, leading to increased survival, improved body
weight, reduced CMV-related disease, and decreased viral load in target organs of infected
neonates. Furthermore, drug administration to uninfected newborn mice evoked no adverse
response.

We detected relatively little cell death evoked even at the highest concentrations of VPD and
VCD as tested with the ethidium homodimer assay; we did not study the effects of the drugs
on cell metabolism. VPD and VCD inhibited CMV at drug concentrations already safely
employed in the clinic for anti-convulsant and mood stabilizing purposes (roughly 0.2 to 0.7
mM), and, more importantly, at lower drug concentrations (< 100 uM) which lack
neurological and psychiatric effects in humans [28-30, 46, 47, 52, 53, 57-59]. Thus, a safe
and effective anti-CMV activity of these compounds in humans seems plausible.

Currently approved anti-CMV drugs generally target hCMV IE gene expression or DNA
replication [5]. In contrast, VPD and VVCD appear to act on an earlier stage of CMV
infection by interfering with viral attachment to cell surface HSPGs. The initial tethering of
CMV virions to HSPGs, mediated by the viral glycoproteins gB and gM/gN, functions to
stabilize the virus at the cell surface until engagement of secondary receptors occurs
allowing fusion and penetration [3, 60]. The VPD and VCD drug-mediated inhibition of
hCMV attachment may be due to a reversible interaction with either HSPGs or free virions
or may require the simultaneous presence of both the virus and the cell.

Dose-response relationship analyses revealed that GCV, currently a first-line therapy for
hCMV, is a more potent compound than VPD and VCD in vitro. Thus, a less effective anti-
CMV activity of VPD and VCD compared to GCV might be expected in vivo. However,
given the increasing emergence of drug-resistant strains of hCMV and the potential toxicity
related to long-term therapy with GCV, compounds with an alternative mechanism of action
merit consideration for anti-CMV clinical trials. We show that VPD and VCD used together
with GCV generate an additive effect in blocking CMV;, the combination of the two drug
types acting by different mechanisms of inhibition may also constitute a fertile ground for
clinical consideration.
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Conclusions

We examined two drugs, VPD and VCD, which show unexpected anti-CMV properties. In
humans, VPD can be metabolized to the teratogenic and CMV-enhancing VPA [16], and
therefore would not be an ideal drug candidate in the clinic, particularly in the treatment of
pregnant mothers and their fetuses. VCD lacks embryotoxic and teratogenic actions [45-47],
and in contrast to VPD shows minimal conversion to its corresponding free acid in humans
[45]. Therefore, VCD may merit consideration as a potential mode of treatment to reduce
the severity of problems caused by CMV infection in conditions of reduced systemic
immunity. Furthermore, there is a need for anti-CMV drugs that are safe and effective in the
treatment of CMV in fetuses and neonates, and VCD merits further consideration in this
regard. The fact that VCD is already approved for the treatment of neurological and
psychiatric disorders in humans should greatly reduce the typically long period required to
bring a new antiviral drug into use.
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Highlights

Valpromide and valnoctamide are mood stabilizers approved for the
treatment of multiple neurological disorders.

Valpromide and valnoctamide effectively inhibit human and murine
cytomegalovirus (CMV) in vitro.

In a mouse model of perinatal infection, both drugs safely attenuate
murine CMV and improve survival and development.

Valpromide and valnoctamide appear to act by a novel mechanism
arising from inhibition of CMV attachment to the cell.
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Fig. 1. Valproate and valpromide exert opposing effects on mouse CMV
(A) Chemical structure of valproate. (B) Representative microscopic fields show mCMV-

GFP reporter fluorescence (top) and phase contrast (bottom) of NIH/3T3 cells pre-treated
(24hrs) with VPA (1mM) or vehicle prior to inoculation with mCMV using multiplicity of
infection (MOI) of 0.03. Photos captured 48 hpi; scale bar 50 um. (C and D) VPA dose-
dependent increase in mCMV infection assessed by counting infected GFP-positive cells at
48 hpi (C) and viral yield assay at 72 hpi (D); other conditions same as B. (E) Chemical
structure of valpromide. (F) VPD (1mM) with other conditions same as B. (G and H) VPD
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dose-dependent decrease in mCMYV infection, as per number of infected cells at 48 hpi (G)
and viral titer at 72 hpi (H); other conditions same as B. (I to L) VPD dose-dependent
decrease in mCMV-infectivity in NIH/3T3 (I and J), immortalized Neuro-2a (K) and
primary mouse glia (L) cells (MOI 4). Infectivity assessed by counting GFP-positive cells 24
hpi (I, K, and L) and by viral yield assay 72 hpi (J), other conditions same as B. (M) The
potential cytotoxicity of VPD exposure for 24 and 72 hours was assessed in uninfected
mouse fibroblasts by the red fluorescent EthD-1 assay. The effect of VPD at 1 and 10 mM
on NIH/3T3 was compared with vehicle (VEH) at the same concentrations and plain media.
(N and O) The EthD-1 assay was performed to evaluate VPD protective role on viral-
mediated cytotoxicity. Images show red fluorescent photomicrographs of NIH/3T3 cells pre-
treated with VPD or vehicle at 10 mM for 24 hrs prior to viral inoculation (MOI of 0.03). 72
hpi, EthD-1 was added to cells. After 20 minutes, photos were captured (N) and red
fluorescent-labeled cells were counted (O). Scale bar 50 um. Mean + SEM of 8 (C, D, G, H,
M, and O) and 6 (I to L) cultures; ns, not significant, * p < 0.05, ** p < 0.01, *** p < 0.001,
**** < 0.0001, as compared to control, ANOVA with Bonferroni’s post-hoc test.
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Fig. 2. Valpromide inhibits human CMV but has no effect on vesicular stomatitis virus infection
(A) Normal human dermal fibroblasts (HDF) were treated with VVPA or vehicle at the

indicated concentrations for 24 hrs prior to hCMV-GFP inoculation (MOI 0.01). Results
collected at 72 hpi. (B and C) VPD dose-dependent decrease in hCMYV infection assessed by
counting infected GFP-positive cells at 72 hpi (B) and viral yield assay at 96 hpi (C); other
conditions same as A. (D) Pre-treated human glioblastoma cells infected with hCMV-GFP at
high titer (MOI 4). GFP-positive cells counted at 48 hpi; other conditions same as A. Data
presented as mean + SEM of 8 cultures (A to C) and 6 cultures (D); ns, not significant, * p <
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0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, one-way ANOVA (Bonferroni’s post-hoc
test). (E) Immunostaining for hCMV gB was done to exclude a potential inhibitory effect of
VPD on GFP expression. HDF were exposed to VPD or vehicle (1 mM) for 24 hrs prior to
viral challenge (MOI 1). Representative fields with hCMV gB immunoreactivity in red and
cell nuclei in blue (DAPI) show VPD-mediated decrease in the relative number of infected
cells. Scale bar 50 um. (F) HDF cells pre-treated with VPD for 24 hours and infected with
hCMV-GFP (MOI 0.01) were incubated for 7 days before viral fluorescent plaques counting.
The mean plaque count for each drug concentration was expressed as a percentage of the
control (vehicle) and plotted as a function of the drug dose in logaritmic scale. The
concentration producing 50% reduction in plaque formation (ECsp) is shown. Mean = SEM
of 2 independent experiments. (G) Images of representative microscopic fields under GFP
fluorescence (top) and phase contrast (bottom) of Vero cells pre-treated with VPD or vehicle
at 1 mM for 24 hrs and infected with VSV-GFP (MOI 0.001). No drug-mediated inhibitory
effect was identified (101% =+ 5%, compared to control; mean + SEM of 6 cultures). Photos
captured at 24 hpi; scale bar 50 pm.
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Fig. 3. Valnoctamide blocks mouse and human CMV
(A) Chemical structure of valnoctamide. (B) Microscopic fields show GFP fluorescence

(top) and phase contrast (bottom) of NIH/3T3 cells pre-treated (24hrs) with VCD (1mM) or
vehicle prior to inoculation with mCMV (MOI 0.03). Photos captured 48 hpi; scale 50 pm.
(C to F) VCD-mediated dose-dependent decrease in mCMYV infection at low MOI (0.03, C
to E) and high MOI (4, F) in NIH/3T3 cells (C, D, and F) and neuro-2a (E) as assessed by
counting infected GFP-positive cells at 48 hpi (C to E) and viral yield assay at 72 hpi (F);
other conditions same as B. (G) Dose-response analysis in NIH/3T3 cells pre-treated with
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VCD for 24 hours, infected with mCMV-GFP (MOI 0.03), and incubated for 4 days before
viral fluorescent plaques counting. The ECsg is shown. Mean £ SEM of 2 independent
experiments. (H) The potential cytotoxic effect of VCD at 1 and 10 mM on uninfected
NIH/3T3 after 24 and 72 hours of exposure was assessed by the red fluorescent EthD-1
assay and results compared with vehicle (VEH) at the same concentrations and plain media.
(I to L) VCD-mediated decrease in hCMYV infection at low MOI (0.01, I and J) and high
MOI (1, K and L) in human dermal fibroblasts, evaluated by GFP-positive cells counting at
48 hpi (K) or 72 hpi (1) and viral yield assay at 96 hpi (J and L). Mean + SEM of 8 (C to E,
and H to J) and 6 (F, K, and L) cultures; ns, not significant, * p < 0.05, ** p < 0.01, *** p <
0.001, **** p < 0.0001, one-way ANOVA (Bonferroni’s post-hoc test). (M to O) Dose-
response analysis by plaque reduction assay in HDF cells pre-treated with VCD (M), GCV
(N), or HS (O) for 24 hours and infected with hCMV-GFP (MOI 0.01). Viral fluorescent
plaques counting at 7 dpi. Mean = SEM of 2 independent experiments.
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Fig. 4. Valpromide and valnoctamide safely improve survival and postnatal body growth of
infected newborns

(A) Uninfected pups received 20 pL of saline (CTR), vehicle (VEH), VPD, or VCD (1.4 mg/
mL), once a day, subcutaneously, from PND 1 to PND 21, when the body weight was
assessed. Mean + SEM, one-way ANOVA with Bonferroni’s post-hoc test; N=8 mice/
experimental group. (B) Timeline showing mCMV infection of neonates and compounds
administration. (C) Survival at PND 49 assessed by Log-rank (Mantel-Cox) test; N=11-13
mice/group. (D to G) Drug-induced improvement in postnatal body growth. Photo shows
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enhanced body size of VPD- and VCD-treated pups compared to vehicle (InCMV) (D).
Graphs show postnatal body weight (E), body length (F), and tail length (G) increase from
DOB to PND 20. CTR, control/uninfected mice treated with saline; VPD, VCD, and VEH,
infected newborns treated with the indicated compounds. Mean + SEM; error bars shown for
VEH group; N=6-9 mice/group; mixed-model ANOVA (Newman Keuls test) for VPD and
VCD versus CTR (E) and for VPD and VCD versus VEH (E to G); * p < 0.05, ** p < 0.01,
*** n < 0.001.
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Fig. 5. Daily valpromide and valnoctamide administration ameliorates postnatal somatic
development

(A to F) Graphs show progressive improvement of multiple parameters of postnatal growth.
Mean £ SEM,; error bars not shown for clarity. N=6-9 mice/group; mixed-model ANOVA
(Newman Keuls test) for VPD and VCD versus VEH; ** p < 0.01, *** p < 0.001. Photos
show the differential status of eyes opening (A) and the delayed development of fur in an
infected/untreated pup (left) compared to an infected newborn treated with VVCD (right) (D);
marked difference in growth is also evident.
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Fig. 6. Valpromide and valnoctamide substantially decrease CMV load in target organs
(A) A small number of cells show CMV infection in the liver of PND 12 mice infected on

DOB and treated daily with VCD until PND 10 (left); in contrast, a higher number was
commonly found in the liver of pups receiving vehicle (right). GFP-positive cells are
localized both in the parenchyma (arrows) and in the sub-peritoneal area (arrowheads).
Asterisks indicate lobule central veins. Scale 100 um. (B to D) Infected newborns treated
with VPD, VCD, or VEH from PND 1 to 10, were euthanized at PND 12, and tissue samples
from liver, spleen, and lungs were collected for measurement of viral titer by plaque assay.
Bar graphs show titers as PFU/mg of tissue; mean £ SEM; N=6 mice/group; *** p < 0.001,
one-way ANOVA, Bonferroni’s post-hoc test.
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Fig. 7. Valpromide and valnoctamide inhibit hCMV attachment to cell
(A). HDF cells infected with hCMV-GFP (MOI 0.01) (t=0) were exposed to VPD, VCD, or

vehicle (100 pM) simultaneously, or 2 or 12 hours after virus inoculation until media
collection at 96 hpi. Viral replication assessed by titer determination using a plaque assay on
HDF monolayers. (B) A drug (100 pM)/undiluted hCMV mixture was incubated for 2 hours
at 37°C or 4°C. Before cell inoculation, the solution was diluted to 10 nM (ineffective drug
concentration). (C) Human fibroblasts infected with hCMV (MOI 0.01) and treated with the
compounds (100 uM) starting from viral challenge (t=0) or 2 hpi, were fixed and
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permeabilized at 8 hpi for immunofluorescence with anti-IE1/2 monoclonal antibody and
DAPI staining. Scale bar 100 pm. (D and E) Attachment and fusion assays were performed
as described in Materials and Methods. GFP-positive cells were counted at 72 hpi (D).
Results presented as the fold change (2722€T) of hCMV DNA in each experimental
condition relative to vehicle (mean + SEM of 2 biological replicates) (E). (F) Plaque
reduction assay on HDF cells exposed to vehicle, GCV (100 nM), VCD (1 uM), HS (25
pg/mL — 40 pM), or a combination of these compounds as indicated for 24 hours before
hCMV inoculation (MOI 0.01). Fluorescent plaques counted at 7 dpi. The mean plaque
counts for each drug were expressed as a percentage of the control (vehicle) mean plaque
count, defined as 100%; p < 0.001 for VEH vs GCV, VCD, and HS. Rx, drug. (G) After 24
hrs-or 72 hrs-VPD, VCD, or vehicle pre-treatment (100 uM), cultures were rinsed three
times and given drug-free media prior to hCMV inoculation (MOI 0.01). Plaques counted at
7 dpi. Bars: mean £ SEM of 5 (F and G), 8 (A and B), and 12 cultures (D); ns, not
significant, * p <0.05, ** p < 0.01, *** p < 0.001, one-way ANOVA with Bonferroni’s post-
hoc test.
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Fig. 8. Valpromide and valnoctamide effectively decrease spread of CMV infection
(A to C) Plaque size assay of NIH/3T3 cells (A and B) and human fibroblasts (C) infected

with mCMV-GFP and hCMV-GFP (MOI 1) and treated with VPD, VCD, or vehicle. Viral
plaque size measured 5 (MCMV) and 10 (hCMV) dpi. Representative plaques in 100 pM
VCD (left) or vehicle (right); scale 300 um (A). Mean diameter of 60 random plaques; p <
0.05in 0.1 uM, p<0.01in 1 uM, p <0.001 in 100 uM and 1 mM, versus vehicle. SEM, bar

on upper right side (B and C).
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